1. Introduction {#s1}
===============

We read with great interest the manuscript from Pinti et al. ([@B27]), which aimed to shed a light on one of the main open topics in neuroimaging: the definition of reproducible and standardized pipelines for the preprocessing of functional Near InfraRed Spectroscopy (fNIRS) signals. In particular, Pinti and colleagues focused on the filtering step, evidencing a high heterogeneity of filter types adopted and settings that could undermine the reproducibility of the studies.

Thanks to technological progress, a new generation of fNIRS devices can be used to collect brain activity signals within diverse settings and contexts (e.g., multi-modal and multi-person experimental designs; Azhari et al., [@B1], [@B2]) and for diverse applications (e.g., to study the dynamics of the human brain network; Vergotte et al., [@B33]). The proliferation of use cases and applications brings up the possibility of fragmentation of the knowledge, unless the scientific community begins to adopt rigorous and standardized methods to allow comparability and reproducibility of the findings.

2. fNIRS Data Processing Pipelines {#s2}
==================================

The commented paper of Pinti et al. ([@B27]) highlighted a high heterogeneity in the methods and settings adopted to filter fNIRS signals, which potentially could "lead to suboptimal papers or irreproducible studies and results." To address this issue, they proposed a pre-processing procedure to aim at standardizing the filtering step.

Following the discussion initiated by Pinti et al. ([@B27]), in this commentary we want to draw the attention on the heterogeneity of the processing sequences and their implementation. In fact, although critical, the filtering step addressed by Pinti et al. ([@B27]), is only one step of the fNIRS data analysis procedure.

For the sake of simplicity, we restrict our discussion to the signal processing part: the steps that aim at removing the components of the signal that are not of interest for the study, typically noise, movement artifacts, and long-term physiological components. In other words, we excluded the different approaches that, starting from a processed fNIRS signal, aimed at obtaining statistical evidence to support the hypothesis of the study (e.g., statistical testing, statistical parametric mapping).

According to our experience, we can group the signal processing steps into four main categories: Quality control: procedures that aim to identify the signals that should be excluded from the subsequent analysis due to high magnitude of the noise (Orihuela-Espina et al., [@B25]). This step is usually done by computing signal quality metrics for each channel and setting threshold values to automatically reject those which do not meet the required standards (e.g., Cutini et al., [@B7]; Krampe et al., [@B16]; Lloyd-Fox et al., [@B21]). However, the choice of the appropriate set of signal metrics and thresholds might be arbitrary, or the decision on which channels to reject depends on a subjective evaluation upon visual inspections of the signals (Durantin et al., [@B9]; Holtzer et al., [@B11]).Artifact removal: procedures that aim to correct the portions of the signals that are affected by artifacts, where artifacts are a special type of noise components that are usually temporally and spatially localized, typically due to movements. Specific algorithms have been designed to scan each signal and identify the portions of the signals that contains artifacts (e.g., Lloyd-Fox et al., [@B22]; Pinti et al., [@B26]); as for the quality control, these algorithms rely on the appropriate definition of threshold values. In some cases, the portions with artifacts are manually validated (Holtzer et al., [@B11]).Noise removal: procedures that aim to improve the overall signal-noise-ratio. Typically, as highlighted by the commented paper of Pinti et al. ([@B27]), these procedures are based on pass band filters (e.g., Santosa et al., [@B28]; Krampe et al., [@B16]; Lloyd-Fox et al., [@B21]), but there are also papers that use customized methods, for instance to remove long term trends or drifts (e.g., Chang et al., [@B5]; Pinti et al., [@B26]), or other types of filters (e.g., Cutini et al., [@B7]).Conversion: where the Lambert-Beer law is applied to convert the data from sensors to concentration of oxygenated and de-oxygenated hemoglobin. Note that this step can be done automatically by the acquisition device.

There is a high variability in how these steps are concatenated to compose the signal processing pipeline. To show this, we selected the 200 most cited papers found on Scopus with keywords "functional Near Infra-Red Spectroscopy OR fNIRS." For the most recent 30 studies we identified and classified the signal processing steps of each paper according to the four categories above, and compared the different procedures adopted to process the fNIRS data (see [Table 1](#T1){ref-type="table"}). We decided to focus on the most recent studies to give an overview of the practices adopted in current research.

###### 

Summary of the different sequences of signal processing steps adopted by the reviewed studies; sorted by number of steps and year of publication.

  **References**                   **Year**   **Pipeline**                                                                                                                                            **Manual step**
  -------------------------------- ---------- ------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------
  Lloyd-Fox et al. ([@B21])        2018       ![](fnhum-14-00247-i0001.jpg) ![](fnhum-14-00247-i0002.jpg) ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg) ![](fnhum-14-00247-i0002.jpg)   Yes
  Holtzer et al. ([@B11])          2017       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0002.jpg) ![](fnhum-14-00247-i0001.jpg) ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg)   Yes
  Pinti et al. ([@B26])            2015       ![](fnhum-14-00247-i0004.jpg) ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0002.jpg) ![](fnhum-14-00247-i0003.jpg)                                 
  Lloyd-Fox et al. ([@B22])        2015       ![](fnhum-14-00247-i0001.jpg) ![](fnhum-14-00247-i0002.jpg) ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg)                                 
  Cutini et al. ([@B7])            2014       ![](fnhum-14-00247-i0004.jpg) ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0001.jpg) ![](fnhum-14-00247-i0003.jpg)                                 
  Krampe et al. ([@B16])           2018       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0001.jpg) ![](fnhum-14-00247-i0004.jpg)                                                               
  Liu et al. ([@B19])              2015       ![](fnhum-14-00247-i0004.jpg) ![](fnhum-14-00247-i0001.jpg) ![](fnhum-14-00247-i0003.jpg)                                                               Yes
  Kawasaki et al. ([@B14])         2015       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0001.jpg) ![](fnhum-14-00247-i0004.jpg)                                                               
  Schecklmann et al. ([@B30])      2014       ![](fnhum-14-00247-i0004.jpg) ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0002.jpg)                                                               
  Hirsch et al. ([@B10])           2017       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg)                                                                                             
  Balardin et al. ([@B3])          2017       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg)                                                                                             
  Takeuchi et al. ([@B31])         2017       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg)                                                                                             
  Balconi et al. ([@B4])           2017       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg)                                                                                             
  Itakura et al. ([@B12])          2017       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg)                                                                                             
  Durantin et al. ([@B9])          2016       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0001.jpg)                                                                                             Yes
  Kempny et al. ([@B15])           2016       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg)                                                                                             
  Jiang et al. ([@B13])            2015       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg)                                                                                             
  Dempsey et al. ([@B8])           2015       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg)                                                                                             
  Vanutelli and Balconi ([@B32])   2015       ![](fnhum-14-00247-i0004.jpg) ![](fnhum-14-00247-i0003.jpg)                                                                                             
  Laguë-Beauvais et al. ([@B17])   2015       ![](fnhum-14-00247-i0004.jpg) ![](fnhum-14-00247-i0003.jpg)                                                                                             
  Chang et al. ([@B5])             2014       ![](fnhum-14-00247-i0004.jpg) ![](fnhum-14-00247-i0003.jpg)                                                                                             
  Schaeffer et al. ([@B29])        2014       ![](fnhum-14-00247-i0004.jpg) ![](fnhum-14-00247-i0003.jpg)                                                                                             
  Zhang and Khatami ([@B35])       2014       ![](fnhum-14-00247-i0002.jpg) ![](fnhum-14-00247-i0003.jpg)                                                                                             
  Mandrick et al. ([@B23])         2013       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0004.jpg)                                                                                             
  Niu et al. ([@B24])              2013       ![](fnhum-14-00247-i0003.jpg) ![](fnhum-14-00247-i0001.jpg)                                                                                             Yes
  Santosa et al. ([@B28])          2017       ![](fnhum-14-00247-i0003.jpg)                                                                                                                           
  Zhang et al. ([@B34])            2017       ![](fnhum-14-00247-i0003.jpg)                                                                                                                           
  Liu et al. ([@B20])              2015       ![](fnhum-14-00247-i0003.jpg)                                                                                                                           
  Lin et al. ([@B18])              2014       ![](fnhum-14-00247-i0003.jpg)                                                                                                                           
  Chuang and Sun ([@B6])           2014       ![](fnhum-14-00247-i0003.jpg)                                                                                                                           

*![](fnhum-14-00247-i0001.jpg): Quality control; ![](fnhum-14-00247-i0002.jpg): Artifacts removal; ![](fnhum-14-00247-i0003.jpg): Noise removal; ![](fnhum-14-00247-i0004.jpg): Conversion*.

We noted a high heterogeneity in the type of signal processing sequences, with the most common pattern being Conversion-Noise removal or Noise removal-Conversion. The processing pipeline of five studies involved a manual step, typically during the quality control, which was based on visual inspection and subjective evaluations. All steps were susceptible to heterogeneous solutions and customization, and were not limited to the "Noise removal" step.

3. Discussion {#s3}
=============

While it is important to discuss the single steps (as Pinti et al., [@B27] did for the filtering step), it is also critical to pay attention to how these steps are concatenated and implemented.

Firstly, the order of execution of the different steps is important. For instance, some types of noise removal algorithms are affected by the presence of artifacts or noisy channels. Our proposal would be that the signal processing procedure follow this order: (i) Quality control: in order to remove the noisy channels that could eventually affect the result of the downstream analyses; (ii) Artifact removal: as localized artifacts may still influence the temporal and frequency characteristics of the signal and therefore affect the results of general algorithms in the downstream analysis; (iii) Noise removal: this step should not be influenced by highly noisy channels and artifacts, and thus should follow Quality control and Artifact removal; finally (iv): Conversion: this step can be also moved at the beginning of the sequence. However, it is important to ensure that the parameters adopted by the signal processing software have been calibrated on the appropriate signal (raw intensity, optical density, hemoglobin concentration).

Secondly, some steps (e.g., quality control) might involve the removal of some channels. Consequently, the number of independent signals used for statistical testing is, in general, different from the number of participants. We suggest to ensure that the actual number of signals is appropriate (e.g., through power analysis) and declare this number for each reported result.

Third: to maximize the impact of the research, we should favor, whenever possible, the adoption of quantitative methods and avoid proliferation of *ad-hoc* approaches. Any procedure that involves subjective decisions, as well as the application of customized algorithms, exposes the research to the risk of biased results. Additionally, *ad-hoc* solutions that worked well on another study might be inappropriate for use in other studies. Using algorithms provided by software applications for signal processing enables the standardization of processing stages. However, to be correctly applied, it is important to understand the algorithms, to select the appropriate processing parameters and to avoid artificial tuning to obtain outputs that comply with our expected results.

Last: in line with the commented paper of Pinti et al. ([@B27]) in this commentary we focus mainly on the signal processing steps, but it is important to highlight that other aspects, not related to the signal processing, are also critical to ensure reliable results when using fNIRS data. The experimental protocols should be designed appropriately and considering the specific needs of fNIRS signal acquisition, for instance to avoid habituation effects or disengagement by the subjects (e.g., due to fatigue or boredom). The statistical methods that are applied on the metrics extracted from processed signal should be also appropriately defined, for instance identifying the correct control condition. It is critical to account for these aspects as they influence the signal processing pipeline itself and the reliability of the collected data.

As neuroscientists, we are convinced of the great potential of the fNIRS methodology, but as data scientists, we are also concerned that this high degree of customization of the signal processing procedures prevents the comparability between studies, their reproducibility and, ultimately, undermines the possibility of extracting new knowledge.
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